He Q., Ren Y., Mohamed I., Ali M., Hassan W., Zeng F. Four sequential extraction procedures (Sposito, Tessier, Silveira and Bureau Communautaire de Reference (BCR)) were used to evaluate the distribution of some metals (Fe, Cu, Cd and Zn) in a contaminated soil around a mining area. The results showed that Fe and Zn were mainly recovered in the recalcitrant soil fractions, while Cd was primarily localized in the exchangeable fraction. Soil Cu was highly associated with organic matter fraction. The amorphous Fe fraction in Silveira could be recognized as part of the Fe-Mn oxide fraction in Tessier and BCR procedures, while the crystalline Fe oxide fraction was classified into the residual fraction in Sposito, BCR and Tessier schemes. Although the same reagent was used to extract target fraction, less carbonate-bound Cu, Cu and Zn were extracted in Tessier procedure as compared to Silveira method, while Tessier scheme yielded a higher proportion of Fe, Cu and Zn in the Fe-Mn oxide fraction than BCR method. Due to the lack of uniformity of experimental conditions and the differences in extraction reagents, the extraction efficiency of metal species varied with the sequential extraction schemes. Therefore, care should be taken when comparing the results obtained by different sequential extraction procedures.
The metals in soils can be found in soil solution, on exchange sites, occluded into soil oxide material, incorporated into organic plant litter or in the lattice structure of primary and secondary soil minerals (Cottenie & Verloo 1984; Rao et al. 2007) . The speciation of heavy metals exerts strong influences on the mobility, bioavailability and toxicity of heavy metals in contaminated soils (Ure & Davidson 2002; Hass & Fine 2010) . Among other techniques available to estimate the geochemical partitioning of heavy metals in soils, sequential extraction procedure has been widely accepted (Bacon & Davidson 2008) . Sequential extraction methods are based on the rational use of a series of more or less selective reagents chosen to solubilise successively the different mineralogical fractions thought to be responsible for retaining the larger part of metals (Gleyzes et al. 2002) .
Several sequential extraction procedures have been proposed for determining the speciation of particulate heavy metals. For example, Tessier et al. (1979) developed a five-stage extraction to evaluate the fractions of Cd, Cu, Fe, Pb, Mg, Ni and Zn in river sediments. Sposito et al. (1982) used a four-stage sequential extraction scheme to evaluate the fractionation of Ni, Cu, Zn, Cd, and Pb in arid-zone field soils amended with sewage sludge. In an attempt to provide an internationally accepted sequential extraction protocol, a modified BCR (Community Bureau of Reference or now the Standards, Measurements and Testing Program of the European Commission) sequential extraction procedure was developed (Rauret et al. 1999) . Silveira et al. (2006) proposed a sequential fractionation procedure for Zn and Cu suitable for tropical soils, which distinguished metals associated with amorphous or poorly crystalline oxides from crystalline forms.
Sequential extractions schemes have not been standardized and the results of different procedures are not always comparable due to the lack of uniformity in experimental conditions and the differences in extraction reagents (Filgueiras et al. 2002) . Previous works mainly focused on the development of new extraction schemes and application of sequential extraction for characterization of metal mobility for different variety of environmental samples. However, there is less information available about the comparison of different sequential extractions schemes for metal fractions in the soil. The objective of this study was to compare four sequential extraction procedures (Sposito, BCR, Tessier and Silveira scheme) to determine the fractionation of trace metals (Fe, Cu, Cd and Zn) in a mining-contaminated soil.
MATERIAL AND METHODS
Soil sampling and analysis. The soil sample was collected from the surface layer (0-15 cm) at the city of Huangshi (30°16'N and 114°93'E), Hubei province, China. The soil was contaminated with heavy metals due to smelting and mining activities. The soil was a loamy soil with 38.7% sand, 39.2% silt and 22.1% clay. The soil was air-dried and ground to pass through a 2 mm sieve for subsequent analysis. The pH of soil was measured using a ratio of 1:2.5 (w/v) soil/ water. Soil organic carbon was analysed by potassium dichromate oxidation and titrated with ferrous ammonium sulphate (Hesse 1972) . After sulphuric acid-perchloric acid digestion (Jackson 1973) , total N and P concentrations in the digested solution were determined by FIA-star 5000 analyser (FOSS Tecator, Höganäs, Sweden), and the concentrations of total K, Fe, Cu, Cd and Zn were analysed by atomic adsorption spectrophotometer (Varian AA240FS, Varian, Mulgrave, Australia). Some chemical characteristics of soil are listed in Table 1 .
Four sequential extraction procedures (Sposito, BCR, Tessier and Silveira scheme) were used to evaluate the fractionation of soil metals. Details of each procedure are presented in Table 2 . Sequential extractions were carried out in triplicate, using 1 g air-dried soil. Soil samples were placed in 50 ml polycarbonate centrifuge tubes, mixed in a stepwise fashion with various reagents, and the suspensions were equilibrated as described in Table 2 . Following equilibration, the solution and solid phases were separated by centrifugation at 1225 g for 10 min. Between all successive extractions, the solid residues were suspended in 5 ml of 0.1M NaCl, shaken by hand, and centrifuged to displace the extraction solution remaining from the previous step. The supernatant was added to the former extractant. This step was intended to reduce sample dispersion and to minimize the re-adsorption of the metal. The supernatants were filtered through a 0.45 μm membrane, and the solid residues were preserved for the subsequent extractions. The concentrations of Fe, Cu, Cd and Zn 
RESULTS AND DISCUSSIONS

Iron sequential fractionation
The distribution of Fe among various soil fractions is presented in Figure 1a . In general, the exchangeable and organically bound Fe fractions in Sposito, BCR, Tessier and Silveira procedure were relatively low (average < 1%). In Silveira procedure, the Fe associated with poor crystalline Fe fraction, crystalline Fe fraction and residual fraction accounted for 18.4, 58.7 and 22.7% of total Fe in soil, respectively. The Sposito, BCR and Tessier procedure yielded similar results with the highest proportion of Fe in the residual fraction. The comparison of BCR method with Silveira procedure indicated that the second step of BCR dissolved most of the poorly crystalline Fe fraction, while it had a small effect on the crystalline Fe. Meanwhile, the crystalline Fe fraction in Silveira (Chao & Zhou 1983) . The Silveira procedure could distinguish metals associated with amorphous or poorly crystalline oxides from crystalline forms and provided more detailed information on the distribution of Fe and related metals in soils (Silveira et al. 2006) . Different sequential extraction procedures partitioned trace metals into various fractions. Therefore, the selection of extraction scheme should be specifically optimized based on the characteristics of the target sample and the purpose of work.
Copper sequential fractionation
The total concentration of total Cu in the soil is 440.43 mg/kg, which exceeds the Cu limits for agricultural lands in China according to the soil environmental quality standard (< 50 mg/kg) (SEPAC 1995). As shown in Figure 1b , approximately 17~36% of total Cu was bound by organic matter in Sposito, BCR, Tessier and Silveira procedure. In Silveira procedure, the sum of Cu associated with crystalline Fe fraction and residual fraction was higher than 26% of the total Cu. Meanwhile, the percentages of residual Cu assessed by BCR and Tessier were 28.2 and 21.7%, respectively, which indicated that the Cu associated with crystalline 
Fe fraction can be considered as a part of the residual fraction in BCR and Tessier schemes. In BCR procedure, exchangeable Cu was 9.1% of total Cu in soil, which was more than the exchangeable Cu assessed by Sposito, Tessier and Silveira procedure (< 0.5%). This might be attributed to the reagent (0.11 mol/l CH 3 COOH) used in the first step of BCR scheme. Miller et al. (1986) and Berti and Jacobs (1996) reported the lack of selectivity of CH 3 COOH because of its ability to dissolve a wide range of soil minerals.
Cadmium sequential fractionation
The total concentration of Cd in soil is 5.00 mg/kg, which also exceeds the Cd limits set down by the soil environmental quality standard in China (< 1.0 mg/kg) (SEPAC 1995) . The exchangeable Cd assessed by BCR, Tessier and Silveira procedure accounted for 39.2-55.2% of total Cd in soil (Figure 1c) . The high percentage of exchangeable Cd in soil indicated that the bioavailability of Cd was high (Cao et al. 2000) . However, only 3.4 % of total Cd was found in the exchangeable fraction for Sposito procedure. This might be attributed to the low exchange capacity of K + (Bohn et al. 2001) . Approximately 4.3-18.4% of total Cd was bound by organic matter in BCR and Silveira procedure, while organic matter bound Cd assessed by Sposito was close to zero. This probably resulted from the NaOH solution used in this procedure, which promotes the formation of metal precipitates during extraction (Yong et al. 1993) . These results indicated that Sposito procedure had low extraction efficiency for exchangeable and organic matter bound Cd, and was not suitable for the fractionation of Cd in this soil.
Zn sequential fractionation
As shown in Figure 1d , Sposito, BCR, Tessier and Silveira procedure yielded similar results with high proportions of Zn in the residual fraction (40.3~68.5%) and Fe-Mn oxide fraction (19.4~40.1%). Approximately 14% of total Zn was bound by organic matter in BCR procedure, while the organic matter bound Zn assessed by Tessier procedure accounted for 5.1% of total Zn in soil. This might be attributed to a large amount of ammonium acetate and longer extraction time used in BCR procedure (Table 2) . Lã et al. (2003) reported that extraction yields were low when the ratio between the soil and extractant solution (w/v) was too low. Although BCR and Tessier both used NH 2 OH/HCl to extract Fe-Mn oxide fraction, the percentage of Zn extracted in Tessier procedure (40.1%) was higher than in BCR scheme (19.4%). The same trend was observed in the fractionation of Fe and Cu. This probably resulted from the higher temperature used in Tessier procedure (96°C). However, the results of Cd in the Fe-Mn fraction showed the opposite tendency between the Tessier and BCR schemes. Usero et al. (1998) indicated that the levels of metals (Cu, Zn, Mn, Cr, Pb and Fe) bound to iron and manganese oxides (reducible fraction) were influenced by the efficiency and selectivity of the reagents used in the previous stages. Therefore, the results may be too high if the carbonates have not been completely dissolved or too low if part of the iron and manganese oxides has already been extracted. Overall, besides the different reagents used in various extraction procedures, the extraction conditions such as temperature, number of extractions, shaking time and fluid/solid ratio had important influences on the extraction efficiency.
CONCLUSION
The results concluded that soil Fe and Zn were mainly recovered in the recalcitrant soil fractions, while significant proportions of Cu and Cd were associated with organic matter fractions and exchangeable fractions, respectively. The metals bound by amorphous iron in Silveira could be part of the Fe-Mn oxide fraction in Tessier and BCR procedure, and the crystalline oxide fractions in Silveira were classified into the residual fraction in Sposito, BCR and Tessier schemes. Sposito procedure was not suitable for evaluation of Cd species in this soil because of its lower extraction efficiency for exchangeable and organic matter bound Cd. Although the same reagent was used to extract objective fraction, the high fluid/solid ratio led to more carbonate-bound Cu, Cd and Zn extracted in Silveira scheme than in Tessier procedure. Meanwhile, high temperature led to higher association of Fe, Cu and Zn with Fe-Mn oxide fractions in Tessier procedure compared to BCR scheme. Besides the different reagents used in various extraction procedures, the experimental conditions had an important impact on the efficiency of extraction. Therefore it should be done with caution when comparing the results of different sequential extraction procedures. These findings also reinforce the need for increased adoption of standardized sequential extraction procedures.
